Scutellaria baicalensis Georgi, a species of the Lamiaceae family, is considered as one of the 50 fundamental herbs used in traditional Chinese medicine. In order to enhance flavone (baicalein, baicalin, and wogonin) content in S. baicalensis roots, we overexpressed a single gene of cinnamate 4-hydroxylase (C4H) and 4-coumaroyl coenzyme A ligase (4CL) using an Agrobacterium rhizogenes-mediated system. SbC4H-and Sb4CL-overexpressed hairy root lines enhanced the transcript levels of SbC4H and Sb4CL compared with those in the control and also increased flavones contents by approximately 3-and 2.5-fold, respectively. We successfully engineered the flavone biosynthesis pathway for the production of beneficial flavones in S. baicalensis hairy roots. The importance of upstream gene C4H and 4CL in flavone biosynthesis and the efficiency of metabolic engineering in promoting flavone biosynthesis in S. baicalensis hairy roots have been indicated in this study.
Phenylpropanoids, including flavonoids, lignins, coumarins, and many small phenolic molecules, are derived from cinnamic acid and p-coumaric acid. In plants, phenylalanine ammonialyase (PAL), cinnamate 4-hydroxylase (C4H), and 4-coumarate: coenzyme A ligase (4CL) play key roles in the phenylpropanoid pathway (Figure1). Especially, C4H, a cytochrome P450 monooxygenase, plays an important role in the phenylpropanoid and lignin biosynthesis pathways [1] . In addition, C4H is the second enzyme in the phenylpropanoid pathway and catalyzes the hydroxylation of trans-cinnamic acid to p-coumaric acid [2] . Altering C4H activity in vivo by molecular genetic approaches provides a means of studying the relationship between PAL and C4H activities [3] . The overexpression of C4H has been reported to lead to increased accumulation of acetosyringone in elicited tobacco cell-suspension cultures [4] .
The 4CL catalyzes the formation of 4-coumaroyl CoA via a twostep ATP-and Mg 2+ -dependent mechanism that first forms a hydroxylcinnamate-AMP anhydride intermediate, followed by nucleophilic substitution of AMP by S-CoA [5, 6] . Several 4CL isoforms with different affinities towards the possible substrates have been identified. It has been hypothesized that variation in the expression of genes encoding various 4CL isoforms plays a role in the regulation of lignin content and composition throughout the development of plants [7] [8] [9] . In addition, some of these isoforms are involved in the biosynthesis of 4-coumaroyl CoA-derived flavonoids [9] . Recently, our research group isolated PAL, C4H, and chalcone isomerase (CHI) from Scutellaria baicalensis [10, 11] ; PAL from Angelica gigas [12] ; and C4H from Allium sativum [13] . Agrobacterium rhizogenes-mediated transformation is a rapid and versatile method to engineer plants genetically, as was reported for S. baicalensis [14] [15] [16] . Genetically engineered root cultures have been used as a model system to modulate the metabolism and regulation of several natural product pathways, such as phenylpropanoid biosynthesis. Hairy root cultures of Saussurea involucrata transformed with the chalcone isomerase gene produced more apigenin and total flavonoids than the wild-type hairy roots [17] . Moreover, our group found that flavone (i.e., baicalin, baicalein, and wogonin) levels were enhanced by the overexpression of CHI in hairy root cultures of S. baicalensis [11] . Overexpression of C4H and 4CL in S. baicalensis has not been studied. Therefore, in this study, the SbC4H and Sb4CL genes were overexpressed in the hairy roots of S. baicalensis to compare the level of flavones in the transgenic hairy roots with that found in the control roots.
A. rhizogenes strain R1000 carrying the plasmid binary vectors including SbC4H and Sb4CL were transformed into the leaves of S. baicalensis. Putative transgenic hairy root lines having kanamycin resistance were sub-cultured in fresh 1/2 MS every 3 weeks. Putative transgenic lines were confirmed by Polymerase chain reaction (PCR), and amplification with primers for the neomycin phosphotransferase gene (NPT II) resulted in a single amplicon with the expected size of 823 bp ( Figure 2 ). The control hairy root line which was transformed only by strain R1000 did not show the expected band size. Five transgenic lines of SbC4H (SbC4H-2,3,4,5,6) and six transgenic lines of Sb4CL (Sb4CL-1,2,3,4,5,6) were selected for further analysis.
In higher plants, the phenylpropanoid pathway is responsible for producing flavonoids, as well as a variety of other physiologically important metabolites, including lignins, coumarins, phytoalexins, and stilbenes, which play important roles in plant development, mechanical support, and disease resistance [18, 19] . C4H catalyzes the hydroxylation of trans-cinnamic acid to p-coumaric acid [20] . In addition, C4H constitutes the CYP73 family of cytochrome P450, which catalyze monooxygenase reactions in plants and is often involved in the biosynthesis of diverse metabolites [21] . C4H controls the carbon flux for many phytoalexins that are synthesized when plants are affected by pathogens [1] . Additionally, 4CL converts hydroxycinnamic acid derivatives to activated thioesters that are important substrates for the biosynthesis of lignin, flavonoids, hydroxycinnamate esters, and other phenylpropanoids [22] .
The quantitative real time-polymerase chain reaction (qRT-PCR) analysis showed that the expression of the target genes was successfully regulated by genetic manipulation. Transgenic hairy root lines showed higher transcript levels of SbC4H than the control ( Figure 3A) ; especially lines 4 and 6 expressed 2-and 3-fold higher transcript levels of SbC4H, respectively, than those of the control. Similarly, transcript levels of Sb4CL were higher in all the transgenic hairy root lines (Sb4CL-1,2,3,4,5), except line 6, than that of the control ( Figure 3B ). These results indicated that both SbC4H and Sb4CL were successfully overexpressed in these transgenic hairy root lines. The results of this study are consistent with those of other studies suggesting that modulating the activity of upstream enzymes in the phenylpropanoid pathway, such as C4H and 4CL, in transgenic hairy root lines of other plants could alter the accumulation of secondary metabolites [17] . Previously, Xu et al. [10] suggested that the expression of phenylpropanoid biosynthesis genes, such as PAL, C4H, and 4CL, is associated with the production of major flavones in S. baicalensis. We suggest that the presence of multiple transfer DNA copies may be correlated with the low expression level of Sb4CL-6. Further studies will be needed to elucidate conclusively through southern blot. Similarly, the contents of baicalein ranged from 27.1 to 62.2 mg/g DW and that of wogonin from 4.7 to 10.8 mg/g DW in the SbC4H hairy root lines achieving 1.4-3.2 times and 1.6-3.4 times higher levels , respectively, than those of the control hairy root line. The levels of flavones, especially baicalein and wogonin, in Sb4CLoverexpressed hairy root lines varied widely in comparison with those of the control line ( Figure 4B ). Among the Sb4CLoverexpressed hairy root lines, line 2 showed higher accumulation of flavones, followed by line 4. In Sb4CL-overexpressed hairy root lines, baicalin content in the transgenic lines 1 and 3 were slightly lower than those of the control, whereas the other 4 transgenic lines, Sb4CL-2,4,5,6 accumulated higher amount of baicalin compared with the control line. The level of baicalein was higher in all Sb4CL-overexpressed hairy root lines than in the control. Baicalein content was 2.4 times higher in line 2 than that of the control. Wogonin content in the transgenic lines, except for Sb4CL-6, was 1.5-2.5 times higher than that of the control. These results suggested that the accumulation of flavones, especially wogonin and baicalein, increased in the transgenic hairy root lines. Naturally grown wild-type S. baicalensis roots accumulated less wogonin than either baicalin or baicalein [23] . Thus, transgenic hairy root cultures can alter the relative yields of flavone products.
Our group reported that the phenylpropanoid biosynthesis pathway could be engineered in A. gigas hairy roots by overexpressing AgC4H genes to increase the production of decursinol angelate [24] . This study suggests that the expression of other phenylpropanoid biosynthesis genes, C4H and 4CL, is also important for the production of flavones in S. baicalensis. The abundance of natural In recent years, the A. rhizogenes oncogenes effects have been clarified. Several researchers have shown that formation of hairy roots from infected cells can be regulated by rolA, rolB, and rolC [25] [26] [27] . Meyer et al. [28] suggested that the rolA protein acts as a transcription factor and is involved in the metabolism of gibberellins. Capone et al. [29] and Aoki et al. [30] also suggested that the rolB locus is the most important for hairy root induction among rolA, rolB, and rolC. Additionally, the function of rolB protein as either a tyrosine phosphatase or as an auxin binding protein has been proposed and played an important role in the formation of both lateral and adventitious roots [31, 32] . The different growth capacity among hairy root lines is caused by variation in the level of rolB gene expression [33, 34] . It was reported that rolC has an effect on secondary metabolites, such as tropane alkaloids, pyridine alkaloids, indole alkaloids, and ginsenosides [35, 36] . According to these studies, endogenous genes (rolA, rolB, and rolC) could have an effect on secondary metabolites. However, there is no report about enhancement of flavone biosynthesis in S. bicalensis hairy root. Previously, gene expression of GUS-control in S. bicalensis hairy root lines was lower than that of SbCHI-overexpressed hairy root lines [11] . In the present study, the control hairy root line that was transformed only by strain R1000 had no effect on gene expression. Thus, the exogenous genes had no effect on gene expression and accumulation, whereas overexpression of SbC4H and Sb4CL produced an effect.
In conclusion, this study showed that the isolation of genes that encode biosynthetic enzymes and the production of hairy root cultures are a powerful strategy to investigate gene regulation and evaluate the potential of metabolic engineering. The application of this strategy will help develop and improve technologies to produce mass amounts of medicinal compounds.
Experimental
Seed sterilization and germination: S. baicalensis seeds were collected from the Department of Herbal Crop Research, Institute of Horticultural and Herbal Science, Suwon, Korea. Seeds were surface-sterilized with 70%, v/v, ethanol for 30 s and 4.5%, v/v, sodium hypochlorite solution for 10 min, and then rinsed 5 times with sterile H 2 O. Approximately 7 seeds were placed on 25 mL of agar-solidified culture medium in Petri dishes (100 × 15 mm). The basal medium consisted of MS salts [37] and vitamins solidified with 0.8%, w/v, Phytagar. The medium was adjusted to pH 5.8 before adding agar, and then sterilized by autoclaving at 1.1 kg·cm -2 (121°C) for 20 min. The seeds were germinated in a growth chamber at 25°C under standard cool white fluorescent light with a flux rate of 35 µmol·s -1 ·m -2 and a 16-h photoperiod.
Vector construction: A. rhizogenes R1000 strain was provided by Dr Victor Loyola-Vargas and Dr Felipe Vázquez-Flota (Gentro de Investigación Cientifica de Yucatán, México). The SbC4H and Sb4CL overexpression constructs consisted of a cauliflower mosaic virus (CaMV) 35S promoter, SbC4H and Sb4CL genes, and NPTII gene as a selectable marker ( Figure 5 ). PCR was used to amplify the full-length sequences of SbC4H and Sb4CL (GenBank accession no. HM062778 and AB166767, respectively), previously cloned from S. baicalensis [10] . The PCR primers and cloning vectors used for these experiments are shown in Table 1 . The recombinant genes were amplified using gene-specific primer sets, according to the Gateway cloning strategy [38] . After a second round of PCR using adapter primer sets, each amplified product was sub-cloned into the pDONR221 vector (Life technologies, CA, USA) by recombination. These vectors were then transformed into the Escherichia coli strain TOP10 (Life technologies, CA, USA), and clones were selected with 50 mg/L kanamycin. Finally, the inserts were shuttled from the entry vectors into the pK7FWG2 binary destination vector (obtained from the Functional Genomics Unit of the Department of Plant System Biology; VIB-Ghent University) by using Gateway LR Clonase II Plus Enzyme Mix (Life Technologies, CA, USA). The clones were transformed in the E. coli strain TOP10 and selected with 50 mg/L spectinomycin. 
Plant transformation and hairy root culture:
Transformation of leaf explants from S. baicalensis plants was performed using the previously described method [24, 39] . Putative transgenic hairy roots emerged from the wound sites at 2-3 weeks after cocultivation and were transferred into 30 mL of 1/2 MS liquid medium in 100 mL flasks. As a control for hairy root transformation, wild-type hairy roots were established by inoculating with wild-type A. rhizogenes R1000. Hairy root cultures were maintained at 25°C on a gyratory shaker (100 rpm) in a growth chamber under standard cool white fluorescent light with a flux rate of 35 µmol·s -1 ·m -2 and a 16 h photoperiod. After 30 days of culture, hairy roots were harvested to measure dry weight and analyze flavone content. Three flasks were used for every culture condition, and the experiments were performed in duplicate.
PCR analysis:
Plant genomic DNA of S. baicalensis hairy roots for PCR analysis was extracted as described by Edwards et al. [40] . The hairy roots (50 mg fresh weight) were ground into a fine powder using a mortar and pestle, followed by the addition of extraction buffer (200 mM Tris pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS). The extract was transferred to a micro centrifuge tube and centrifuged at 13,000 rpm. The supernatant was transferred to a clean micro centrifuge tube, mixed with an equal volume of isopropanol, vortexed, and centrifuged for 1 min. The supernatant was transferred to a new tube, and the precipitated DNA was pelleted after centrifugation at 13,000 rpm for 5 min. The pellet was washed with 70% ethanol, dried and re-suspended in 100 µL TE (10 mM Tris, 1 mM EDTA) buffer (pH 8.0). The sequence of the primer used to amplify a fragment of the NPTII gene is shown in Supplemental Table 1 . The amplification cycles consisted of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min. After 30 repeats of the thermal cycle and final extension at 72°C for 5 min, the amplified products were analyzed on 1% agarose gels. 
RNA extraction and qRT-PCR:
Total RNA was isolated from S. baicalensis hairy root cultures using RNeasy Plant Mini Kit (Qiagen, Valencia, CA, USA). First-strand cDNA was synthesized from total RNA (1 µg) with ReverTra Ace-α-(Toyobo, Osaka, Japan) and oligo (dT) 20 primers according to the manufacturer's protocol. Gene-specific primer sets were designed for qRT-PCR, as confirmed by an online program (http://bioinfo.ut.ee/primer3-0.4.0/) ( Table 1) .
QRT-PCR was performed in a 20 µL reaction volume consisting of 0.5 µM of each primer and 2× SYBR Green real-time PCR master mix (Toyobo, Osaka, Japan). Cycling conditions were as follows: 1 cycle of 95°C for 3 min, followed by 40 cycles of 95°C for 15 s, 72°C for 20 s, and annealing at 50°C. QRT-PCR was carried out in triplicate on a CFX96 Real-Time PCR System (Bio-Rad, Hercules, CA, USA). The actin gene (GenBank accession no. HQ847728) was used as an internal reference to standardize the cDNA template concentration.
High-performance liquid chromatography (HPLC) analysis:
Flovones content was analyzed according to the method described by Zhou et al. and Kovács et al. [41, 42] , with a modification. Three flavone external standards (baicalin, baicalaine, and wogonin) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Hairy roots (0.1 g) were frozen in liquid nitrogen, ground to a fine powder using a mortar and pestle, and extracted with 10 mL of 70% ethanol for 1 h at 60°C. After centrifugation, the supernatant was filtered through a 0.45 µm poly filter and analyzed by HPLC. The analysis was monitored at 275 nm and performed using a C 18 column (250 mm × 4.6 mm, 5 µm; RS tech, Daejeon, Korea). The mobile phase was a gradient prepared from mixtures of methanol and 0.5% acetic acid (condition: methanol 60% for 5 min, methanol 60-70% for 10 min, methanol 70-78% for 25 min). The flow rate was set at 1.0 mL/min, and the injection volume was 20 µL. The compounds were determined by using a standard curve. All samples were analyzed in triplicate.
Primers
Sequence
